18 F-fluorothymidinepositron-emission tomography/computed tomography ( 18 F-FLT-PET/CT) is useful for the evaluation of the very early response to anti-epidermal growth factor receptor (EGFR) antibody cetuximab therapy in human lung cancer xenografts. A human tumor xenograft model was established with a human non-small cell lung cancer cell line. The mice were randomly assigned to four groups: tumor growth follow-up, ex vivo study, PET/CT imaging and non-treated control. Mice were administered saline as control or cetuximab on day 1. An immunohistochemical study with Ki-67 was performed. Tumor volume treated with cetuximab was kept significantly smaller than control after day 8, although there was no difference on day 3. On day 3, 18 F-FLT distribution was higher in the tumor than in other tissues, and was significantly decreased by treatment with cetuximab. On PET/CT imaging, 18 F-FLT distribution in the tumor was clearly visualized, and the maximum standardized uptake value (SUV) was significantly decreased after treatment with cetuximab (p<0.01). Ki-67 expression was also significantly decreased on day 3 (p= 0.01). These results suggest that 18 F-FLT-PET/CT can be a useful predictor to determine the response to molecular targeted drugs such as cetuximab at an earlier time point than the change of tumor size.
Introduction
Through recent advances in molecular targeted therapy of cancer, applications targeting epidermal growth factor receptor (EGFR) are currently one of the most promising and well advanced in the clinical setting. EGFR is a protein tyrosine kinase that plays a crucial role in signal transduction pathways, regulating key cellular functions such as proliferation, angiogenesis, metastasis, and evasion of apoptosis (1, 2) . EGFR targeting therapy is promising for non-small cell lung cancers (NSCLCs). The EGFR tyrosine kinase inhibitors (EGFR-TKIs) erlotinib (3) and gefitinib (4, 5) are established treatments for patients with advanced NSCLCs. Anti-EGFR antibody drugs have also been developed. Cetuximab, a chimeric monoclonal antibody targeting EGFR, has recently been used for treatment of patients with advanced NSCLC in a phase III study (6) .
In general, molecular targeted drugs targeting EGFR are not only more expensive than commonly used cytotoxic agents, but they may also cause unique side effects, such as dermatologic reactions. To use molecular targeted drugs effectively, it is necessary to develop early and accurate evaluation modalities for the tumor response. The X-ray computed tomography (CT) and magnetic resonance imaging (MRI) have commonly been used to evaluate the anti-tumor effect of these cytotoxic and molecular targeted drugs by measuring tumor size. However, these anatomical imaging techniques have limited value due to requiring a relatively long time to obtain tumor size shrinkage with successful drug therapy. Thus, patients may have to endure side effects (7) and high medical costs (8) during periods of desperate treatment. In addition, evaluation based on sequential measurement of tumor size may not accurately reflect viable tumor cells because of the presence of necrotic or fibrotic tissue (9) .
Nuclear imaging, including positron emission tomography (PET), has recently been used for treatment evaluation, in addition to conventional methods such as CT and MRI. It can provide information about pathophysiological function, while CT and MRI evaluations are based on sequential measurements of tumor size. The thymidine analog 3'-deoxy-3'-18 F-fluorothymidine ( 18 F-FLT) has been developed as a PET tracer to image proliferation in vivo (10) . 18 F-FLT uptake has been shown to reflect the activity of thymidine kinase-1 (TK1), an enzyme expressed during the DNA synthesis phase of the cell cycle. TK1 activity is high in proliferating cells and low in (11) . Thus, this tracer is retained in proliferating cells through the activity of thymidine kinase. Measurement of tumor proliferative activity by 18 F-FLT-PET/CT may be a way to provide an early and accurate assessment of the response to therapy with molecular targeted drugs (12) .
The purpose of this study was to determine whether 18 F-FLT-PET/CT is useful to evaluate the response to anti-EGFR antibody cetuximab therapy at very early time points in human lung cancer xenografts.
Materials and methods
Cell line. The human non-small cell lung cancer cell line NCI-H1975 (American Type Culture Collection, Manassas, VA, USA) was cultured in RPMI-1640 medium (Invitrogen Life Technologies, Inc., Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) and 0.03% glutamine at 37˚C in an atmosphere of 5% CO 2 . NCI-H1975 cells contain both the EGFR-TKI-sensitizing L858R and the resistant T790M point mutations (13) .
Animal studies. All experimental protocols were approved by the Laboratory Animal Care and Use Committee of Hokkaido University. Nine-week-old male BALB/c athymic nude mice (supplied by Japan SLC, Inc., Hamamatsu, Japan) were used in all experiments. A human tumor xenograft model was established using this cell line (5x10 6 cells/0.1 ml) by s.c. inoculation into the right flank of the mice. Twelve days after inoculation (when the tumors reached 7-10 mm in diameter) (14) , the mice were randomly assigned to four groups: tumor growth follow-up (n=9), ex vivo study (n=9), PET/CT imaging (n=5), and non-treated control (n=4) groups. Fig. 1 shows the experimental protocols of this study.
In the tumor growth follow-up and ex vivo groups, the mice were further assigned to be administered saline 0.5 ml/mouse as control or cetuximab 1.0 mg/0.5 ml/mouse given intraperitoneally. The monoclonal anti-EGFR antibody cetuximab (IMC-C225; Erbitux) was kindly provided by Merck KGaA (Darmstadt, Germany). In the tumor growth follow-up group, tumor sizes were measured by caliper on days 3, 5, 8, and 10 after the treatment on day 1. Tumor volume was calculated by the formula: π/6 x larger diameter x (smaller diameter) 2 . In the ex vivo study group, mice were anesthetized with isoflurane inhalation and injected with 7.4 MBq of 18 F-FLT in the tail vein. After 90 min, these mice were sacrificed, and the tumor and other organs were excised. The tissue and blood samples were weighed, and radioactivity of tracers in each sample was determined using a gamma-counter (1480 Wizard 3, Wallac Oy, Turku, Finland). Tracer uptake in the tissue was expressed as the percentage of injected dose (ID) per gram of tissue after being normalized to the animal's weight (%ID/g) x kg. Uptake was calculated in the tumor and normal organs, including blood, plasma, muscle, heart, lung, spleen, liver, pancreas, stomach, small intestine, colon, kidney, skin, brown fat and brain. In the PET/CT imaging group, mice were imaged by a small animal PET/CT for 20 min pre-treatment before administration of cetuximab on day 1. The same mice were again imaged with the same procedure post-treatment with cetuximab on day 3. Tumor sizes were measured before each PET/CT imaging session. In the non-treated control group, the tumor cell proliferative activity (Ki-67 labeling index) was determined as the control value and compared with that of the PET/CT imaging group.
F-FLT-PET/CT studies.
In the PET/CT imaging group (n=5), the mice were anesthetized with isoflurane inhalation and injected with 7.4 MBq of 18 F-FLT into the tail vein. 18 F-FLT was synthesized and obtained from the Hokkaido University Hospital Cyclotron facility. It was synthesized using a modification of a previously published procedure (15) . The mice were placed in a small animal PET/CT scanner (Inveon; Siemens Medical Solutions USA Inc., Knoxville, TN) in a supine position 60 min after the injection of 18 F-FLT. PET and CT scans were carried out for 20 and 7 min, respectively for image capture. The mice were kept using cotton bedding of our own making to maintain body temperature and anesthetized with 1.0-1.5% isoflurane inhalation during the PET/CT imaging. Following the second PET/CT imaging (90 min after the injection of 18 F-FLT), the mice were sacrificed, and tumor tissues were excised for immunohistochemical staining. The data were reconstructed and corrected for attenuation and scattering using 2D filtered back-projection (FBP). The image matrix was 256 x 256 x 159, resulting in a voxel size of 0.385 x 0.385 x 0.796 mm. Images were analyzed quantitatively by drawing volumes of interest centered over the tumor without correction for partial volume effects. The standardized uptake value (SUV) was calculated using the single maximum pixel count within the region of interest and normalized to the injected dose and mouse body weight. SUVmax denotes the maximum SUV value within the Figure 1 . Experimental protocols of this study. Twelve days after inoculation of NCI-H1975 cells, mice were assigned randomly to four groups: tumor growth follow-up, ex vivo study, PET/CT imaging, and non-treated control groups. In the tumor growth follow-up and ex vivo study groups, the mice were further assigned to be administered saline or cetuximab. In the ex vivo study group, mice were sacrificed for a biodistribution study on day 3. In the PET/CT imaging group, mice were imaged by PET/CT pre-treatment with cetuximab on day 1. The same mice were imaged again with the same procedure post-treatment on day 3. Tumor cell proliferative activity (Ki-67 labeling index) was determined by immunohistochemistry. In the nontreated group, the Ki-67 labeling index of the tumor was determined as a control value and compared with that in the PET/CT imaging group. tumor region of interest (ROI). Using tissue samples from the tumors, formalin-fixed, paraffin-embedded specimens were prepared for subsequent histological staining.
Pathological study. Formalin-fixed, paraffin-embedded, 3-µm thick sections of tumor were used for immunohistochemical staining. The labeled streptavidin biotin method was used after deparaffinization. Immunohistochemical staining of nuclear antigen Ki-67 was performed as a tumor cell proliferation marker. The primary antibody used was a mouse monoclonal antibody for Ki-67, clone MIB-1 (Dako, Carpinteria, CA). Tumor cells were considered positive only when clear nuclear staining was seen. All nuclei with homogeneous granular staining or multiple speckled staining were counted as positive, regardless of the staining intensity. Cells with cytoplasmic staining were excluded (16) . The Ki-67 labeling index was defined as the percentage of positive cells by counting cell numbers in the entire field of the tumor.
Statistical analysis. All values are expressed as means ± SD (standard deviation). Two-way repeated measures analysis of variance (ANOVA) and the unpaired Student's t-test were used to compare tumor volume sequentially for the tumor growth follow-up group. The unpaired Student's t-test was used to compare the biodistribution of 18 F-FLT between the two treatment groups. Paired Student's t-tests were used to compare the differences between different time points within one treatment group. A p-value of <0.05 was considered significant. Statistical analysis was performed using SPSS 14.0 for Windows (SPSS Inc., Chicago, IL).
Results
Tumor volume change. Tumor volume change in the tumor growth follow-up group is shown in Fig. 2 . The mice were treated by saline or cetuximab on day 1. The tumor volumes of the control group and cetuximab-treated groups were 150.9±38.6 and 131.4±45.9 mm 3 , respectively, on day 3. Although there was no difference in the tumor volume between these two groups on day 3, the tumor grew rapidly in the control group. A significant difference was observed on day 8. The tumor volumes of the control and cetuximab-treated groups were 381.4±99.6 and 140.3±37.9 mm 3 , respectively (p<0.01). The difference became more obvious on day 10 (p<0.01). On the other hand, tumors were maintained almost within the same size in the cetuximab-treated group. The tumor volume of the cetuximab-treated groups was 117.5±46.9 mm 3 on day 1, and was kept 172.8±61.3 mm 3 even on day 10. This indicated that the dose of cetuximab used was adequate to suppress tumor growth, and that cetuximab treatment had enough efficacy to suppress tumor growth. Considering this result, an ex vivo study and 18 F-FLT-PET/CT imaging were performed on day 3 for early evaluation of therapy response.
Biodistribution of
18 F-FLT. The biodistribution of 18 F-FLT in the ex vivo study group on day 3 is shown in Fig. 3 . The radioactivity was higher in the tumor than in other organs in the control group. A significant difference in the biodistribution of 18 F-FLT in the tumor was observed between the control and cetuximab-treated groups. Biodistributions in the control and cetuximab-treated groups were 0.098±0.005 (%ID/g) x kg and 0.029±0.010 (%ID/g) x kg, respectively (p<0.001). 18 F-FLT uptake was particularly high in the tumors, and it was decreased by cetuximab treatment as early as day 3. This result indicates that 18 F-FLT may be promising to assess the early response to therapy.
F-FLT-PET/CT image. The in vivo imaging by
18 F-FLT-PET/ CT was performed on day 1 before treatment with cetuximab and then again for the same mice on day 3. A representative image of the first 18 F-FLT-PET/CT before treatment is shown in Fig. 4A . Since the high uptake of 18 F-FLT was seen only in the tumor, it can be clearly visualized with PET/CT before treatment with cetuximab. Fig. 4B shows the image of the second 18 F-FLT-PET/CT after treatment with cetuximab on Figure 2 . Change in tumor volume in the tumor growth follow-up group. Mice were treated by saline or cetuximab on day 1. There was no obvious difference in size between the two groups until day 3. Since the tumors began to grow rapidly in the control group, significant differences were seen from day 8 ( * p<0.01). Tumors were maintained almost within the same size in the cetuximab-treated group. Figure 3 . Biodistribution of 18 F-FLT in the ex vivo study group on day 3. The 18 F-FLT uptake was higher in tumor than in other normal organs. The uptake was significantly decreased in the cetuximab-treated group compared with the control group ( * p<0.001). day 3. Decreased 18 F-FLT uptake after treatment was visualized. SUVmax values from tumor ROIs were obtained from each 18 F-FLT-PET/CT (Fig. 4C ). There was a significant difference between day 1 before treatment and day 3 after treatment with cetuximab (0.41±0.17 before treatment on day 1 and 0.24±0.15 after treatment on day 3; p<0.01). However, in this 18 F-FLT-PET/CT imaging group, there was no significant change in tumor volume between before and after cetuximab treatment (257.0±49.3 mm 3 before treatment on day 1 and 315.5±77.1 mm 3 after treatment on day 3; p= 0.11) (Fig. 4D ). These results show that 18 F-FLT-PET/CT could visualize the change in tumor proliferation at a very early time point even without a significant change in tumor size.
Pathological study. Since 18 F-FLT-PET/CT visualized the change in tumor proliferation between before and after treatment with cetuximab, a pathological study was performed using tumor samples of this PET/CT imaging group. Hence, the non-treated control group was used as the control. Representative immunohistochemical staining for Ki-67 in the non-treated control group is shown in Fig. 5A as a control on day 1. Fig. 5B shows Ki-67 staining in the PET/CT imaging group post-treatment with cetuximab on day 3. Two days after the administration of cetuximab, there was a decrease in Ki-67-positive tumor cells. There was a significant difference in the Ki-67 labeling index between them (12.8±4.0% in the non-treated control group on day 1 vs. 5.0±1.5% in the PET/CT imaging group on day 3; p=0.01) (Fig. 5C ). This result indicates that tumor proliferation was suppressed by cetuximab treatment as early as day 3, and this was consistent with the result of 18 
F-FLT-PET/CT imaging.

Discussion
The present study demonstrated that 18 F-FLT-PET/CT may evaluate the therapeutic effect earlier than morphological measurement on CT in human cancer cell line xenografts, and that such a method could be useful to evaluate the effects of molecular targeted drugs such as cetuximab. Although there was no difference in tumor volume between the control and cetuximab-treated groups on day 3, tumor began to grow rapidly in the control group after day 3. On the other hand, the tumor was maintained almost within the same size in the cetuximab-treated group. Early changes in tumor proliferation could be visualized by non-invasive 18 F-FLT-PET/CT imaging, even when significant changes in tumor size were still not seen. The early change in tumor proliferation activity was confirmed by a pathological study using the Ki-67 labeling index. Thus, measurement of tumor proliferative activity by 18 F-FLT-PET/ CT may be a way to provide an early and accurate assessment of the response to therapy with molecular targeted drugs for cancer. Cetuximab has activity in various types of cancer, including head and neck cancer, colorectal cancer, and non-small cell lung cancer (6, 17, 18) . Early and accurate evaluation methods for using cetuximab effectively are urgently required. Examining the K-ras mutation in advance before treatment with cetuximab is one solution (19) . Patients bearing tumors with the mutated K-ras gene do not benefit from cetuximab in colorectal cancer. In contrast with colorectal cancer, the significance of K-ras mutation in non-small cell lung cancer has not yet been well clarified, even in the latest phase III study (6, 20) . Cetuximabinduced skin toxicity is also a predictive marker (7) and helps identify those patients for whom cetuximab is effective. The appearance of skin toxicities, however, is too variable and not a direct predictor of tumor response itself. As for nuclear imaging, the effectiveness of 18 F-FLT has attracted increasing interest (10, 21, 22) .
A recent study showed that monotherapy with cetuximab was not effective in patients with advanced NSCLC who received prior EGFR-TKI treatment (23) . However, in the present study, we used the human non-small cell lung cancer cell line NCI-H1975 which contains both the EGFR-TKIsensitizing L858R and the resistant T790M point mutations (13) . A previous study showed that cetuximab had antitumor activity even in this mutated cell line (24) . Hence, this xenograft model using NCI-H1975 is suitable and reasonable to evaluate the early response to cetuximab therapy.
Since 18 F-FLT-PET/CT reflects the proliferation of tumor cells, this method is more suitable for detecting the early therapeutic effect compared with conventional modalities such as CT and MRI, which are based on sequential measurements of tumor size. This present study showed the effectiveness of 18 F-FLT-PET/CT in the evaluation of the therapeutic effect of cetuximab in human lung cancer xenografts at an earlier time point (day 3) than the change of tumor size. As molecular targeted drugs are used for patients with advanced-stage cancer, it is very important to know the therapeutic effect as early as possible. If the therapeutic effect can be predicted at a very early time point, it will be possible to select the clinically optimal treatment and reduce toxicity and medical costs in advance. To our knowledge, several investigators recently used 18 F-FLT-PET to evaluate treatment response in animal models following EGFR targeted therapy such as erlotinib and cetuximab. However, those studies performed 18 F-FLT-PET at later timing than our study (25) , and did not use lung cancer cell line (26) or cetuximab (27) .
Whether 18 F-FLT-PET/CT on day 3 is the best timing for early treatment evaluation remains unclear. Herrmann et al reported that 18 F-FLT-PET imaging 2 days after administration of cyclophosphamide-adriamycin-vincristine-prednisone chemotherapy with rituximab immunotherapy showed an early decrease in 18 F-FLT uptake in lymphoma patients, while there was no reduction in 18 F-FLT uptake after rituximab alone (28), though both cetuximab and rituximab are a type of the same chimeric antibody. Atkinson et al reported that 18 F-FLT-PET imaging could detect tumor response to anti-EGFR treatment using cetuximab as well as erlotinib (25) . Their 18 F-FLT PET imaging was performed 7 days after treatment. Considering these results, the best timing for early evaluation may depend on the kind of disease and the drugs used. In any case, 18 F-FLT-PET/CT may be a potent modality for earlier response evaluation than conventional modalities such as CT and MRI. However, it remains to be clarified whether 18 F-FLT is useful to assess the early therapeutic effect for other malignant tumors, and whether 18 F-FLT can be useful when other molecular targeted drugs, such as anti-angiogenesis drugs, are used.
It should be noted that cetuximab has an immune-mediated antitumor mechanism called antibody-dependent cell-mediated cytotoxicity (ADCC). ADCC is supposed to contribute to the activity of cetuximab (29) . In the present study, the tumor model was established in immune-deficient mice (BALB/c athymic nude mouse) that lack function of a T-cell component. Hence, the efficacy of cetuximab might be less effective than it should be. Although further investigation is needed to apply our result to immune-competent mice or humans, genetically engineered mouse models have been proven to be a powerful tool for elucidation of the biological processes and pathophysiological alterations that occur in human disease (9) . 18 F-fluorodeoxyglucose (FDG) is the most widely used tracer for tumor imaging with PET and can image viable tumor cells by reflecting glucose metabolism. Avril et al reported a significant correlation between 18 F-FDG uptake and proliferative activity in breast cancer (30) , but the correlation coefficient was low (0.41). On the other hand, Brepoels et al reported that 18 F-FLT is a more accurate measurement of tumor response than 18 F-FDG after the administration of cyclophosphamide (31) . It is well known that 18 F-FDG is not tumor specific, since its uptake occurs in inflammatory lesions where glucose is utilized (32) . 18 F-FDG-PET may not clearly distinguish between residual disease and post-treatment inflammation (33) . 18 F-FDG shows considerable accumulation in macrophages and granulation tissues (34) . These characteristics of 18 F-FDG suggest that careful assessment is needed when using 18 F-FDG to evaluate treatment, though further studies, including comparative studies between 18 F-FLT and 18 F-FDG, and also with various tumor biomarkers are necessary to demonstrate the advantages of 18 F-FLT-PET. Although we injected 18 F-FDG into this xenograft model, tracer uptake in the tumor was not high compared to other organs, and was not decreased by cetuximab treatment (data not shown).
In conclusion, the results of this study suggest that 18 F-FLT-PET/CT can be useful for evaluating the response to molecular targeted drugs such as cetuximab at an earlier time point than the evaluation of tumor size in human lung cancer cell line xenografts. In the future, clinical studies evaluating 18 F-FLT-PET/CT as an early predictor of tumor response to anti-EGFR antibody drugs will be required. In the clinical setting, 18 F-FLT-PET/CT is expected to optimize clinical outcomes and reduce exposure to an ineffective treatment. It is also expected to avoid toxicity, to decrease duration of treatment, and to reduce medical costs in advance.
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